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ABSTRACT 

The nBn or XBn barrier infrared detector has the advantage of reduced dark current resulting from suppressed 
Shockley-Read-Hall (SRH) recombination and surface leakage.   High performance detectors and focal plane arrays 
(FPAs) based on InAsSb absorber lattice matched to GaSb substrate, with a matching AlAsSb unipolar electron 
barrier, have been demonstrated.  The band gap of lattice-matched InAsSb yields a detector cutoff wavelength of 
approximately 4.2 ・ µm when operating at ~150K.   We report results on extending the cutoff wavelength of 
midwave barrier infrared detectors by incorporating self-assembled InSb quantum dots into the active area of the 
detector. Using this approach, we were able to extend the detector cutoff wavelength to ~6 µm, allowing the coverage 
of the full midwave infrared (MWIR) transmission window. The quantum dot barrier infrared detector (QD-BIRD) 
shows infrared response at temperatures up to 225 K. 
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1. INTRODUCTION 

 
The recent emergence of barrier infrared detectors such as the nBn [1] and the XBn [2] have resulted in mid-wave 
infrared (MWIR) detectors with substantially higher operating temperatures than previously available in III-V 
semiconductor based MWIR detectors.  The initial nBn devices used either InAs absorber grown on InAs substrate, or 
lattice-matched InAsSb alloy grown on GaSb substrate, with cutoff wavelengths of ~3.2 µm and ~4 µm, respectively.  
While these detectors could operate at much higher temperatures than existing MWIR detectors based on InSb, their 
spectral responses do not cover the full (3 – 5 µm) MWIR atmospheric transmission window.  This has led to the 
development of nBn detectors such as those based on the InAs/GaSb type-II superlattice (T2SL) absorber [3,4] .  In this 
paper, we describe our effort in combining the unipolar barrier infrared detector device architecture with alternative 
infrared absorbers based on InSb quantum dot embedded an InAsSb matrix in order to achieve extended spectral 
coverage [5].    We discuss the general unipolar barrier infrared detector device architecture in Section 2, the specific 
quantum dot barrier infrared detector (QD-BIRD)  in Section 3, and summarize Sections 4.  
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2. BARRIER INFRARED DETECTORS 

 

In this section, we examine the concept of unipolar barriers and explore their use in infrared detectors.  We discuss the 
specific example of the nBn infrared detector to illustrate the usefulness of unipolar barriers. 

 

2.1 Unipolar barriers 

The use of heterostructures to improve HgCdTe (MCT) infrared detector 
performance is a well-established practice [6,7,8].  Detector structures 
such as the double-layer heterojunction (DLHJ) have demonstrated 
significant advantages over their homojunction counterparts.  The use of 
heterostructures is also prevalent in III-V semiconductor based infrared 
detectors.  Much has been discussed in the literature about the nBn and 
related devices, including XBn barrier photodetector [2, 9 , 10 , 11 ], 
“bariode” [ 12 ], and unipolar barrier photodiode [ 13 ],  since the 
publication of the paper entitled “nBn detector, an infrared detector with 
reduced dark current and higher operating temperature” by Maimon and 
Wicks in 2006 [1].  Common to this family of devices is the unipolar 
barrier.  The term “unipolar barrier” was coined recently to describe a 
barrier that can block one carrier type (electron or hole) but allows the 
un-impeded flow of the other [14,15,16], as illustrated in Figure 1.  The 
concept of the unipolar barrier has been around long before they are 
called as such.   The double-heterostructure (DH) laser, which makes use 
of a pair of complementary unipolar barriers, was first described in 1963 
[17,18], soon after the birth of the concept of heterostructure devices.  
Unipolar barriers have also been used to enhance infrared detector 
performance.  A unipolar barrier can be used to impede the flow of 
majority carrier dark current in photoconductors [19].  A DH detector 
design, depicted in Figure 1, can be used to reduce diffusion dark current 
emanating from the diffusion wings surrounding the absorber layer [20].  
The nBn [1,21,22] (see Figure 1) or XBn [2,9,10,23] detector structure 
uses a unipolar barrier to suppress dark current associated with Shockley-
Read-Hall processes without impeding photocurrent flow, as well as to 
suppress surface leakage current [22].  In general, unipolar barriers can be used to implement the barrier infrared 
detector architecture for increasing the collection efficiency of photo-generated carriers, and reducing dark current 
generation without inhibiting photocurrent flow.  The nBn detector serves as good example for illustrating the use of 
unipolar barriers. 
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Figure 1.  Schematic illustrations of 
electron- and hole-blocking unipolar 
barriers, and two examples of unipolar 
barrier based device structures: double 
heterostructure (DH), and nBn 

Figure 2.  Schematic energy band diagram showing the conduction and valence band edges (Ec and Ev) of (a) a p-n junction 
photodiode, and (b) an nBn barrier infrared detector.   
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The nBn barrier infrared detector concept was first described by Shimon Maimon and Gary W. Wicks at the 11th 
International Conference on Narrow Gap Semiconductors in 2003 [21].  The basic operating principles of the nBn and 
the related XBn detectors have been described in detail in the literature [2,9,10,11,22].  Here we summarize some key 
points.  The nBn infrared detector is designed to reducing dark current (noise) without impeding photocurrent (signal).  
The energy band diagram of a typical nBn barrier infrared detector structure is shown in Figure 2(b).  It has an n-doped 
top contact, a unipolar electron Barrier, and a lightly n-doped infrared (IR) absorber region (hence the name “nBn”).   It 
somewhat resembles the typical p-n photodiode shown in Figure 2(a), except that the junction (space charge region) is 
replaced by an electron blocking unipolar barrier (B), and that the p-contact is replaced by an n-contact.  Figure 2 (b) 
also shows that photo-generated electrons and holes in the absorber of the nBn detector can flow to the left and the right, 
respectively; neither is blocked by the barrier.   

The barrier is highly effective in dark current suppression.   In particular, the barrier serves to reduce surface leakage 
current.  In a typical pn junction array, the detectors are defined by etching past the depletion region for pixel isolation.  
The exposed small-band-gap semiconductor sidewalls are a source of surface leakage dark current, which often require 
passivation for suppression.  The nBn detectors require only a shallow etch past the top contact layer to expose the wide-
gap barrier, where surface leakage current is suppressed; this eliminates the need for surface passivation [1].  Even in a 
deep-etched mesa configuration, where the side walls of the narrow gap absorber are fully exposed, the barrier can still 
block electron surface leakage effectively [9,13,22,24].  

The nBn detector is designed such that replacement of the p-contact in the pn junction by the n-contact/barrier 
combination does not lead to additional majority carrier dark current from the top contact.  As illustrated in Figure 2 (b), 
the unipolar barrier serves to block the flow of electron (majority carrier) dark current from the top n-contact.  The 
electrons blocked by the barrier eventually recombine with the thermally generated holes so that there is no flow of 
electron dark current from the top contact layer.   

Central to the nBn operation is the strong suppression of 
generation-recombination (G-R) dark current due to Shockley-
Read-Hall (SRH) processes.  As discussed by Kilpstein [2], in 
a conventional photodiode, there exists a threshold temperature 
T0 , above which the dark current is diffusion limited, and 
below which it is G-R limited.  In a homojunction pn diode, 
the G-R current, which is proportional to 

exp( / 2 )
g

E kT (assuming mid-gap defect level), is 

predominantly generated in the depletion region.  The 
suppression of the G-R dark current allows the detector to 
operate at higher temperature, or with higher sensitivity.  In the 
nBn, where the depletion region is replaced by a larger gap 

semiconductor, in which the exp( / 2 )
g

E kT  factor is greatly 

reduced (particularly at lower temperatures), the SRH dark 
current generation is virtually eliminated.  This is illustrated in 
Figure 3, where the SRH recombination rates at T=80K are 
obtained by heterojunction drift-diffusion simulation [25] for a 
pn diode and an nBn structure, both with InAs0.91Sb0.09, which 
is lattice matched to GaSb substrate, as the MWIR absorber.  
The doping in the p and n regions of the homojunction diode 
are taken to be p=1×1016 cm-3 and n=1×1016 cm-3, respectively.  
The absorber doping of the nBn structure is n=1×1016 cm-3, 
while a 2000 Å wide AlSbAs barrier (B) is undoped.  A value 

of 100 ns
p n

    is used in the simulation.  The reverse 

bias energy band diagrams for the two devices are shown, 
along with the calculated magnitudes (i.e., the absolute values) 
of the SRH recombination rates, given by the expression: 

2( ) / [( ( ) ( ( )]SRH i p i n ir np n n n p p      .  

Figure 3.   The top and middle panels show the calculated 
80K reverse-bias energy diagrams along with quasi 
Fermi levels for an InAsSb based MWIR pn junction 
diode and an nBn detector, respectively.  The bottom 
panel shows the calculated magnitude of the Shockley-
Read-Hall recombination rates for the two structures as 
functions of position. 



 
 

 

 

For the pn junction the calculated peak SRH generation rate in the middle of the depletion region is approximately 10 
orders of magnitude larger than the baseline rate outside the depletion region.  In contrast, for the nBn structure the 
calculated peak SRH generation rate in the barrier is essentially zero.  In the nBn structure, there is virtually no SRH 
generation in the barrier region.  A small amount of SRH generation is found in the nBn absorber region, due to the 
small bias drop over the absorber, but the size is negligible when compare to the SRH generation rate in the 
homojunction. 

 

3. QUANTUM DOT BARRIER INFRARED DETECTOR (QD-BIRD) 

 
The standard nBn device uses a lattice-matched InAsSb absorber grown on GaSb substrate, with cutoff wavelengths of 
~4.2 µm at T=150K [1].  While this detector could operate at much higher temperatures than existing MWIR detectors 
based on InSb, its spectral responses do not cover the full (3 – 5 µm) MWIR atmospheric transmission window.  Here 
we describe a simple approach to extending the cutoff wavelength of the standard nBn detector by insert quantum dots 
into the absorber layer of the nBn. 
 
 The layer diagram in Figure 4 shows the growth sequence of the QD-BIRD.  The energy band diagram 
schematically illustrates the structure of the quantum dot barrier infrared detector (QD-BIRD).  It is very similar to the 
standard nBn device structure as originally described by Maimon and Wicks [1,21], consisting of an AlSbAs barrier 
sandwiched between the InAsSb top contact layer and absorber layer.  The slight modification we introduced is the 
periodic insertion of 2.8 monolayers (MLs) of InSb, which forms self-assembled InSb quantum dot layers in the InAsSb 
absorber matrix, as illustrated in Fig. 5.  The alloy composition of the InAsSb matrix was adjusted slightly to reduce the 
Sb content.   Details of the structure have been reported earlier [5]. 
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Figure 4.   The left panel show the QD-BIRD device layer diagram.   The top-right panel shows the schematic energy band  diagram 
of the active region of the QD-BIRD device.  The bottom-right panel shows the schematic energy band diagram for the QD-
BIRD absorber near an InSb quantum dot layer. 



 
 

 

 

Figure 5 shows the normalized photoluminescence (PL) 
spectrum of the QD-BIRD with two distinct peaks at 4.0 µm 
and the 5.5 µm.  The origins of the two peaks are illustrated in 
the bottom right panel of Figure 4, which shows the schematic 
energy band diagram in the vicinity of an InSb quantum dot 
insertion layer in the InAsSb matrix.     The 4.0 µm peak is 
easily identified with the band gap Eg of the InAsSb matrix.  
The 5.5 µm peak is related to the quantum dot.  The band 
diagram shows that the strained InSb forms a type-II broken 
gap band alignment with the InAsSb matrix, with both the 
conduction and valence band edge of InSb being substantially 
higher than the conduction band edge of InAsSb.  The InSb 
quantum conduction band state is clearly unconfined and 
therefore is not likely a source of the PL peak.  What is most 
probably responsible for the 5.5 µm PL peak is a type-II 
transition involving the conduction band edge of the InAsSb 
matrix, and the confined hole state of the InSb quantum dot. 
This transition is illustrated in bottom right panel of Figure 4, 
and is labeled  Emd. 
 
Figure 6 shows the spectral quantum efficiency for a QD-
BIRD device, without AR coating, taken at 125K, 175K, and 
225K under -200 mV bias.  The spectral response is measured 
using a top-illuminated geometry.  Because the GaSb 
substrate is essentially transparent to the MWIR radiation 
under consideration, the spectral response should be 
considered as a double-pass (or multiple-pass) result, since 
after passing through the absorber initially, light could re-
enter the absorber region after reflecting off the bottom of the 
substrate.  Like the PL spectrum, the spectral responsivity also 
shows a distinct bimodal behavior.  The photo-response 
associated with the direct band-to-band transition in the 
InAsSb matrix is seen at the shorter wavelengths, with 
approximate plateau quantum efficiency values of 0.33, 0.55, 
and 0.61 at T=125K, 175K, and 225K, respectively.  For this 
InAsSb matrix responsive, the 50% quantum efficiency cutoff 
wavelengths are approximately 4.15, 4.30, and 4.46 µm at 
T=125K, 175K, and 225K, respectively.   
 
Beyond this cutoff wavelength associated with the bulk 
InAsSb matrix, we also observe extended response which 
drops off approximately linearly; this is attributed to the type-II transition between the quantum dot valence band state 
and the InAsSb matrix conduction band state.  The extended response associated with the quantum dots is noticeably 
weaker than the bulk InAsSb response.  The external quantum efficiencies at 5 µm for T=125K, 175K, and 225K are 
respectively 0.086, 0.16, and 0.175, which are only approximately 26 - 31% the corresponding values found for the 
InAsSb matrix in the 3-4 µm range, even though the PL intensities of the QD-to-matrix and the bulk transitions are 
comparable.  One reason for the weaker response of the QD-to-matrix transition is that the quantum dot hole state is 
confined by the InAsSb matrix.  The confinement energy ΔE is given by the difference between the InAsSb band gap Eg 
and the QD-to-matrix transition energy Emd (see  Figure 4).  The photo-excited hole (minority carrier) in the quantum dot 
has to overcome this additional energy barrier ΔE in order to escape and be collected.   There is likely a distribution of 
quantum dot sizes, with a corresponding distribution Emd and ΔE.  Smaller dots with smaller Emd that lead to longer the 
extended wavelength would need a larger activation energy ΔE. for the photo-generated hole to escape; this is associated 
with a lower escape probability.   This would explain why the extended cutoff response decreases as the wavelength 
increases. 

Figure 5.  Photoluminescence (PL) spectrum for the QD-
BIRD taken at T=77K.   

 

Figure 6.   Multi-pass spectral quantum efficiency of a QD-
BIRD without anti-reflection coating taken under -0.2 
V applied bias, measured at 125K, 175K, and 225 K.   

 



 
 

 

 

 
Figure 6 shows that the photo-response increases with temperature; the responsivity at 225K is approximately twice that 
at 125K.   One possible mechanism responsible for this behavior is the presence of a small un-intended hole barrier 
resulting from the valence band mismatch between the absorber and the AlSbAs barrier (the valence band edges of the 
absorber and the barrier should be aligned in an ideal nBn structure).  This barrier would block photo-currents generated 
from both the InAsSb matrix absorption and the dot-to-matrix absorption.  Another possibility is that the quantum dots 
themselves could impede minority carrier transport.  An unoccupied QD could also trap holes.  A QD occupied by a hole 
is a (screened) Coulomb scattering center, which in 
principle could provide the observed temperature 
dependence.   
 
Figure 7 shows the measured dark current density for a QD-
BIRD as a function of applied bias at 125K, 175K, and 
240K.  The reverse-bias (negative top contact bias) current-
voltage characteristics appear diffusion-limited at 175K and 
240K.  Under -200 mV bias, the dark current density levels 
are 1.52×10-7 A/cm2 and 3.77×10-4 A/cm2, respectively at 
125K and 175K. We computed the black-body specific 
detectivity (D*) for f/2 optics, 300 K background 
conditions.  The photocurrent is determined from the 
integrated photo-response in the 3 m to 6 m spectral 
range.  For detector temperature of T=175K, under -200 mV 
bias, the black-body D* is dark-current limited and has a 
value of 1.071011 cm-Hz1/2/W.  At T=125K, the black-
body D* becomes background limited and has a value of 
3.761012 cm-Hz1/2/W.   

 

 

4. CONCLUSIONS 

 
The nBn or XBn barrier infrared detector has the advantage of reduced dark current resulting from suppressed 
Shockley-Read-Hall (SRH) recombination and surface leakage.   High performance detectors and focal plane arrays 
(FPAs) based on InAsSb absorber lattice matched to GaSb substrate, with a matching AlAsSb unipolar electron 
barrier, have been demonstrated.  The band gap of lattice-matched InAsSb yields a detector cutoff wavelength of 
approximately 4.2 ・ µm when operating at ~150K.   We report results on the quantum dot barrier infrared detector 
(QD-BIRD), which is a simple modification of the standard MWIR nBn detector with an InAsSb absorber lattice-
matched to the GaSb substrate.  We showed that by incorporating self-assembled InSb quantum dots into the InAsSb 
absorber matrix, we could extend the detector cutoff wavelength from ~4.2 µm to 6 µm, and thus providing better 
spectral coverage of the MWIR transmission window. The QD-BIRD has been observed to show infrared response at 
225 K.   
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Figure 7.  Dark current density as a function of applied bias of a 
QD-BIRD taken at 125K, 175K, and 240 K. 
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